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CFTR is a cyclic AMP and nucleotide-related chloride-selective channel with a low unitary conductance. Many of the physiological roles
of CFTR are effectively studied in intact cells and tissues. However, there are also several clear advantages to the application of cell-free
technologies to the study of the biochemical and biophysical properties of CFTR. When expressed in heterologous cells, CFTR is processed
relatively poorly, depending, however, on the cell-type analysed. In some cells, only 20–25% of the protein which is initially synthesized
exits the endoplasmic reticulum to insert into the cell membrane [Cell 83 (1995) 121; EMBO J. 13 (1994) 6076]. Further, many of the
disease-causing mutants of CFTR result in even lower processing efficiencies. Therefore, several procedures have been developed to study
regulated CFTR channel function expressed in microsomal membanes and following its purification and reconstitution. These experimental
approaches and their application are discussed here.
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1. Expression of CFTR protein and incorporation of CFTR channels expressed in microsomal membranes fusedmembrane vesicles into lipid bilayers
1.1. Advantages of planar lipid bilayer setup for studies of
wild type and mutant CFTR in membrane vesicles
Planar lipid bilayer studies have proven useful for inves-
tigating the conduction properties, phosphorylation and nu-
cleotide-dependent gating of individual wild type (wt) and
mutant CFTR molecules. Membrane vesicles bearing CFTR
channels can be fused to planar lipid bilayers for detailed
kinetic studies of channel gating. In fact, a major advantage of
this technique is the ability to assess channel activity in
specialized membrane domains, derived from intracellular
organelles. Several laboratories have studied wt and mutant1569-1993/$ - see front matter D 2004 European Cystic Fibrosis Society. Publish
doi:10.1016/j.jcf.2004.05.018
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POPC, 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphatidylcholine; PS, phos-
phatidylserine; SDS-PAGE, sodium dodecyl sulphate polyacrylamide gel
electrophoresis.
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E-mail address: bear@sickkids.on.ca (C.E. Bear).to planar lipid bilayer [3–5]. As many of the disease-causing
mutations of CFTR are associated with protein misfolding
and retention in intracellular membranes of the biosynthetic
compartments, these mutant proteins are inaccessible for
study by patch-clamp electrophysiology. Therefore, planar
lipid bilayer studies of microsomalmembranes prepared from
transfected cells offers the most effective method for assess-
ing the channel activity of these mutants.
The orientation of CFTR incorporated into planar lipid
bilayers from membrane vesicles can be controlled in large
part by controlling the ‘‘sidedness’’ of the membrane
vesicles prior to addition to the bilayer chamber as previ-
ously developed for flux assays of membrane transport [6].
Following fusion of CFTR-bearing ‘‘inside-out’’ membrane
vesicles with planar lipid bilayers, CFTR is oriented such
that the putative cytosolic domains are bathed by solutions
in one (cis) compartment and the extracellular domains
bathed by solutions in the (trans) compartment. This bilayer
setup affords several experimental advantages relative to
patch-clamp electrophysiology. First, the composition of the
lipids in the lipid bilayer can be controlled. We have
exploited this advantage to incorporate 1-palmitoyl-2-ed by Elsevier B.V. All rights reserved.
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phosphatidylserine (PS) and phosphatidylethanolamine
(PE), increasing the stability of the bilayer thereby permit-
ting channel activity recordings of longer duration. Second,
in contrast to the patch-clamp configuration wherein a
special apparatus is required to exchange the contents of
the patch pipette, the composition of the solutions bathing
either surface of the protein can be controlled both at the
outset of planar bilayer experiments and readily manipulated
during the study.
1.2. Source of membrane-incorporated CFTR protein
There are several ways to express CFTR protein for
incorporation into planar lipid bilayers. CFTR cDNA can
be transfected into Sf9 insect cell line [7], HEK 293 cells
[8,9], CHO cells [10] followed by vesicle preparation.
Also, CFTR can be immunopurified either by polyclonal
or monoclonal anti-CFTR antibody [11]. However, expres-
sion in Xenopus oocytes and preparation of oocyte mem-
brane vesicles can be recommended as a method readily
available in almost any laboratory. Details of methods for
the expression of CFTR in Xenopus oocytes and the
preparation of membrane vesicles appear the Virtual Re-
pository (The Virtual Repository of the Cystic Fibrosis
European Network 2002: http://central.igc.gulbenkian.pt/
cftr/vrbiochemistry.html) [12].
1.3. Incorporation of CFTR into bilayers
1.3.1. Bilayer setup
The theoretical basis and practical guidance for how to
set up a bilayer system from manufactured or homemade
components is discussed in great detail elsewhere [13].
Alternatively, the entire bilayer system: vibration isolation
table, faraday cage, amplifier, Bessel filter, cups, chambers,
and various accessories that can be purchased from Warner
Instruments, Hamden, CT, USA.
1.3.2. Bilayer chamber
The two aqueous compartments comprising the bilayer
chamber are separated by a septum containing a small (150–
200 Am) hole into which the planar phospholipid membrane
is formed. These compartments are designated as cis and
trans. The cis compartment is connected to a voltage source
using an Ag/AgCl electrode and 3 M KCl/3% agar bridge.
The current-to-voltage converter is connected to the trans
side of the bilayer chamber using an Ag/AgCl electrode and 3
M KCl/3% agar bridges, and this is a virtual ground. A
stirring device and perfusion system are necessary parts of
bilayer chamber. The bilayer bathing solutions should be
made daily. Experiments are usually performed at 25F 1 jC.
1.3.3. Lipids
A mixture of negatively charged PS and neutral PE lipids
is recommended to increase the chances of fusion. The ratiocan be varied in some cases. The lipids are commercially
available from Avanti Polar Lipids (Alabaster, AL, USA),
and should be stored at  20 jC. Take an appropriate
combination of lipids in the solution provided by the
manufacturer (usually, chloroform–methanol) and dry them
under the flow of nitrogen. Dissolve the lipids in n-decane
(n-octane) to achieve a desired concentration of lipids (10–
25 mg/ml is recommended).
1.3.4. Bilayer formation
Fill bilayer chamber compartments with 100 mMKCl and
form a bilayer from membrane-forming solution over the
aperture in septum. The ‘‘painting’’ technique [14] and
‘‘folded’’ bilayers [15] are the two principal approaches for
bilayer formation. In the ‘‘painting’’ approach, bilayer for-
mation is achieved by applying a small amount of lipid
solution over the aperture (0.1–0.5 mm in diameter) in a
septum separating two aqueous compartments. Generally,
this technique is sufficient for themajority of studies of CFTR
channel function. A criterion for good bilayer formation is
membrane capacitance of 200–300 pF (0.67–0.95 AF/cm2).
1.3.5. Incorporation of CFTR into bilayers
Place a small aliquot of the CFTR-containing oocyte
vesicle suspension into the trans side of a pre-made
bilayer, and wait for fusion to occur. Alternatively, fusion
can be achieved by bringing a fire polished glass rod
dipped into CFTR oocyte vesicle suspension into close
proximity of a pre-made bilayer from the trans side
(bilayer should be clamped at a negative voltage to
facilitate the fusion).
1.3.6. Nystatin-mediated membrane vesicle fusion with
planar lipid bilayers
Alternatively, the fusion of vesicles with the planar lipid
bilayer can also be promoted through the generation of an
osmotic gradient across the vesicular membrane and the
planar lipid bilayer and well as by the selective permeabi-
lization of the vesicular membrane. Vesicles bearing CFTR
are rendered relatively permeable by the addition of nysta-
tin, a peptide which inserts in membranes and specifically
stabilized to form a nonselective cation channel in the
presence of cholesterol or ergosterol [16]. Nystatin-doped
vesicles fuse readily with planar bilayers in the presence of
a favourable osmotic gradient (intravesicular tonicityH
trans compartment tonicity). Fusion is indicated by the
appearance of a transient conductance spike representing
nystatin-mediated ion conductance. Importantly, these nys-
tatin-mediated currents dissipate quickly as the bilayer
lipids (composed of only POPC, PS and PE) dilute the
vesicular cholesterol leading to the destabilization of nys-
tatin channels. Finally, CFTR channels incorporated by
vesicular fusion will remain after the dissipation of the
nystatin channel and their regulated gating behaviour in
response to phosphorylation and nucleotides can be studied
in detail [17].
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applied voltage is indicative of channel incorporation.
Currents can be monitored, stored and analyzed using a
computer with pCLAMP software (Axon Instruments,
Union City, CA, USA). Phosphorylation is an absolute
requirement to record CFTR Cl channel activity and can
be achieved by adding 75 U/ml protein kinase A and 100
AM MgATP to the bath.2. CFTR in vitro translation and incorporation into
microsomal membranes
While many aspects of CFTR function must be studied in
cells, several aspects of the processing or topology of CFTR
can be studied using in vitro translation assays. For instance,
the biosynthesis and membrane topology of CFTR has been
extensively studied by Skach [18], Lu et al. [19] and Tector
and Hartl [20]. Core glycosylation of CFTR occurs in the
ER. An assay for this processing step requires the addition
of microsomal membranes to the basic in vitro translation
mixture. Indeed, the first paper on the expression and
characterization of CFTR detailed the size, glycosylation
and phosphorylation of CFTR when transcribed in a cell-
free system [21]. Tests for association of CFTR with other
proteins can involve probing immobilized proteins with in
vitro translated radiolabeled domains of CFTR. Such an
assay was the basis for the observation that the C-terminus
of CFTR associated with the sodium–hydrogen exchanger
(NHE)-3 regulatory factor (NHERF) [22]. Below we de-
scribe the general procedure and requirements for in vitro
translation of CFTR and outline some assays using in vitro
translated product.
2.1. Expression plasmid
The expression plasmids used in this protocol were either
the pTM1 plasmid or pcDNA3 (Invitrogen, Burlington,
CAN) both of which utilize a T7 promoter. Mutations or
truncations were originally introduced using single stranded
mutagenesis as described by Kunkel [23]. Subsequent
mutations or truncations were made using the Quik-Change
protocol Stratagene [12].
2.2. In vitro translation
Each construct is in vitro translated using the TnT
Coupled Transcription/Translation System (Promega fol-
lowing the company’s protocol). This protocol simplifies
in vitro translation by starting with DNA. The addition of
RNA polymerase to the translation mixture eliminates the
separate synthesis of RNA from DNA. Translation in the
presence of canine microsomal membranes (Promega, Mad-
ison, WI, USA) replicates protein integration into the
endoplasmic reticulum (ER) membrane. In brief, the TnT
buffer, rabbit reticulocyte lysate, RNA polymerase, aminoacid mixture, and RNase inhibitor are added to a 0.5 ml
microcentrifuge tube placed on ice. The newest version of
the TnT kit (Quick Coupled TnT) uses a master mix which
includes the reticulocyte lysate, the buffer, amino acids,
RNase inhibitor and RNA polymerase, thus simplifying the
procedure. After adding 10–20 ACi of 35S-methionine and
0.5–2 Ag of plasmid DNA, the tube is briefly spun to mix
reaction components and return reaction to bottom of tube.
For tests of membrane integration, canine microsomal
membranes are added to the complete mixture. The reaction
is then incubated at 30 jC for 60–90 min. Sixty minutes is
usually sufficient for optimal protein production. Subse-
quent gel electrophoresis and autoradiography is used to
identify translated products. Portions of the total lysate, the
microsomal pellet or immunoprecipitated proteins are added
to sodium dodecyl sulphate polyacrylamide gel electropho-
resis (SDS-PAGE) sample buffer, incubated at 37 jC for
15–20 min and electrophoresed on the appropriate percent-
age SDS-PAGE [12]. Gels are stained, destained, En3Han-
cet [radioactivity enhancer] (NEN, Boston, MA, USA),
dried and autoradiographed [24]. Alternatively, gels can be
dried after destaining and exposed to phosphorimaging
screens and visualized using the STORM phosphorimager
(Amersham Biosciences, Uppsala, Sweden).
2.3. Incorporation into microsomal membranes
To determine if the translated protein is integrated into
the membrane, we isolate the protein from the high-speed
microsomal membrane pellet (200,000 g pellet). In vitro
translation of wt full-length CFTR in the absence of
microsomal membranes yields a nonglycosylated band of
approximately130 kDa. Addition of microsomal membranes
to the translation mixture increases the molecular mass to
f 140 kDa. The increase in molecular mass is a result of
glycosylation of the protein by addition of core carbohy-
drate by enzymes present in the microsomal membranes
[12].
2.4. Immunoprecipitation
In vitro translation is a valuable tool to confirm that a
plasmid makes protein and that the molecular mass of the
expressed protein is correct before expressing the plasmid in
heterologous cell systems for functional assays. For func-
tional or interaction studies, protein sequences may be
truncated, mutated, or made as chimeric sequences with
epitope tags. Immunoprecipitation of in vitro translates with
antibodies that recognize expected protein epitope sequen-
ces can be used to confirm the identity of a plasmid insert
before it is expressed in heterologous cells and used for co-
immunoprecipitation studies. The in vitro translated protein
is immunoprecipitated in 50 mM Tris, pH 7.4, 150 mM
NaCl, 1% detergent (e.g., TX-100 or digitonin) using the
appropriate domain-specific antibody, followed by Protein
A-agarose or Protein G-agarose (Pierce). The precipitated
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autoradiography [12].3. Planar lipid bilayer studies of CFTR following its
purification and reconstitution
Studies of the purified protein permit assessment of the
intrinsic regulatory and conduction properties of this protein
and provided direct evidence that no accessory proteins are
required for its regulated channel activity [7]. As in the
above studies of CFTR in membrane vesicles, phospholipid
liposomes bearing purified CFTR are incorporated into
bilayers using the nystatin-doping method [16]. This method
not only facilitates the incorporation of CFTR, but also
permits the detection of all fusion events and assessment of
the number of liposomes bearing functional CFTR. This
determination was used effectively to assess the extent of
functional reconstitution of purified CFTR in the initial
studies of this preparation [7]. In contrast to the membrane
vesicular studies described above, purified protein is ran-
domly oriented with the cytosolic domains facing either into
the (cis) or the (trans) compartments. Addition of channel
regulatory factors to the cis compartment will only activate
those channels oriented such that their cytosolic domains are
exposed to the contents of the (cis) compartment. Therefore,
this experimental setup can permit detailed assessment of
the sidedness of potential modulators (such as potential
therapeutics) on CFTR channel function as well the detailed
determination of the consequences of modulators on con-
ductance and gating.
Detailed protocols describing purification of CFTR-His
proteins in the presence of the fluorinated surfactant penta-
decafluorooctanoic acid (PFO) are published elsewhere
[17,25]. The protocols summarizing the procedures required
for the preparation of liposomes, reconstitution of purified
CFTR proteins, and the fusion of CFTR-containing proteo-
liposomes into planar lipid bilayers are described in detail
elsewhere [12].4. Flux studies using proteoliposomes containing
purified, reconstituted CFTR
A concentrative tracer uptake assay, using 36Cl, is a
useful method to characterize the chloride (Cl) conductance
properties of reconstituted CFTR channels. Further, it per-
mits a macroscopic view of the number of active CFTR
channels and their regulation. In this assay, a chemical
driving force favouring Cl efflux is generated by suspend-
ing proteoliposomes containing purified CFTR loaded with
KCl (140 mM), into a Cl free solution (containing K
glutamate). Chloride efflux subsequently leads to the devel-
opment of an intraliposomal potential difference (positive
inside) which drives the cumulative uptake of 36Cl from the
bath. Overall, if the proteoliposomes contain active Clchannels, nonradioactive Cl inside the liposome is ex-
changed for 36Cl in response to the production of an
electrical driving force. Hence, this method can be used to
estimate the relative proportion of purified protein that has
been functionally reconstituted as Cl channels [26]. The
protocol described below is a modification of that developed
by Garty et al. [27] and modified by Goldberg and Miller
[28].
This electrogenic flux assay requires the proper recon-
stitution of CFTR molecules into proteoliposomes, a process
that is essential for obtaining functionally active and cor-
rectly folded proteins. Thus, the choice of lipid composition
is of great importance for the reconstitution procedure, since
these phospholipids must give rise to well-sealed proteoli-
posomes. The following combination of phospholipids has
been shown to be particularly effective for studying purified
and reconstituted CFTR channels: PE, PS, phosphatidylcho-
line (PC), and ergosterol (ratio of 5:2:1:1 by weight).
Detailed procedures describing purification of CFTR-His
proteins in the presence of the fluorinated surfactant PFO
are published elsewhere [17,25]. Further, detailed protocols
describing the electrogenic flux assay are described else-
where (online Virtual Repository of Cystic Fibrosis Euro-
pean Network: http://central.igc.gulbenkian.pt/cftr).5. Uncited references
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